Introduction
============

Lung cancer is the leading cause of cancer-related death worldwide, and \~85% of all lung cancers are non-small cell lung cancer (NSCLC).[@b1-ott-8-3665],[@b2-ott-8-3665] NSCLC is defined by the accumulation of multiple genotypic alterations and comprises diverse histologic subtypes.[@b3-ott-8-3665],[@b4-ott-8-3665] These alterations have been intensely pursued as therapeutic targets, and the development of a series of promising molecular inhibitors for cancers harboring them has revolutionized the treatment of NSCLC.[@b5-ott-8-3665] However, as is common in cancer therapy, acquired resistance to these targeted drugs invariably occurs and there is no effective therapy for individuals who develop such resistance. Therefore, it is imperative to understand the mechanism of drug resistance in the clinic.

Epidermal growth factor receptor (EGFR), a member of a family of closely related growth factor receptor tyrosine kinases, is overexpressed or amplified in 62% of cases of NSCLC and its expression correlates with poor prognosis.[@b6-ott-8-3665]--[@b8-ott-8-3665] Furthermore, in unselected NSCLC samples, mutations in EGFR are present in \~10% of cases in North American and Western Europe but \~30%--50% of cases in individuals of East Asian descent, and are associated with over 50% of adenocarcinomas with bronchioalveolar features that arise in nonsmokers.[@b9-ott-8-3665] Of various small-molecule tyrosine kinase inhibitors (TKIs) directed against EGFR that have been developed over the past 30 years, first-generation EGFR TKIs such as erlotinib and gefitinib are currently used in the clinic as first-line drugs for patients with NSCLC.[@b10-ott-8-3665]--[@b13-ott-8-3665] Erlotinib and gefitinib are reversible inhibitors that compete with endogenous adenosine triphosphate (ATP) for binding to the kinase domain, thus preventing its tyrosine-phosphorylating activity and blocking downstream signaling.[@b13-ott-8-3665],[@b14-ott-8-3665] Intriguingly, with respect to efficacy and potency, retrospective studies have revealed that lung cancers that express mutated EGFRs (eg, exon 19 deletion) respond better to treatment with EGFR TKIs than lung cancers with wild-type EGFR, although some NSCLC patients with wild-type EGFR have been reported to benefit from treatment with EGFR TKIs.[@b15-ott-8-3665],[@b16-ott-8-3665] It has been proposed that lung cancers with mutated EGFR are dependent on the EGFR pathway and these inhibitors have a stronger binding affinity for mutant than wild-type EGFR, leading to good results in many patients.[@b17-ott-8-3665] Invariably, however, most patients develop resistance to EGFR TKI therapy and lung cancer with heterogeneity in resistance mechanisms starts to regrow.[@b18-ott-8-3665]

Studies performed over the last several years have identified several mechanisms of acquired resistance to EGFR TKI (reviewed in Janne et al,[@b19-ott-8-3665] Pao and Chmielecki,[@b20-ott-8-3665] Sharma et al,[@b21-ott-8-3665] Wheeler et al,[@b22-ott-8-3665] and Holohan et al[@b23-ott-8-3665]). Among these, one common mechanism is a secondary point mutation of the kinase domain (eg, T790M, L747S, D761Y, and T854A in exon 2). Among those mutations, T790M mutation is found in 50%--65% of EGFR mutant resistance cases.[@b24-ott-8-3665],[@b25-ott-8-3665] The T790M mutation changes proper binding of the drug to the ATP binding pocket of EGFR and/or restores the affinity for ATP versus drug back to the level of wild-type EGFR, leading to more intense and sustained activation of EGFR signaling.[@b26-ott-8-3665],[@b27-ott-8-3665] The second well-known mechanism of gefitinib/erlotinib resistance is an oncogene kinase switch system (eg, MET amplification, AXL activation, HER2 upregulation, or KRAS activation) (reviewed in Niederst and Engelman[@b28-ott-8-3665]). For example, MET creates a bypass signaling track that activates AKT through HER3-mediated activation of PI3K in the presence of EGFR TKIs, conferring resistance to EGFR TKIs.[@b29-ott-8-3665]--[@b31-ott-8-3665]

Although the principal resistance mechanisms mentioned above have been studied for a long time, the tumor microenvironment has only recently been recognized to play a crucial role in drug resistance (reviewed in Kong and Mooney[@b32-ott-8-3665] and McMillin et al[@b33-ott-8-3665]). In solid tumors, the microenvironment consists of tumor-associated normal epithelial and stromal cells, immune cells, and vascular cells. Indeed, NSCLC is typically characterized by a prominent desmoplastic stroma with abundant inflammation.[@b34-ott-8-3665],[@b35-ott-8-3665] The desmoplastic stroma creates a tumor microenvironment conducive to tumorigenesis, angiogenesis, metastatic spread of tumor cells, and drug resistance. Several signaling pathways have been reported to induce desmoplasia, including sonic hedgehog (SHh), notch, and transforming growth factor-beta (TGFβ).[@b36-ott-8-3665],[@b37-ott-8-3665] However, which aspects of the desmoplastic microenvironment contribute to drug resistance is still unknown.

Among desmoplastic stromal cells, cancer-associated fibroblasts (CAFs) play a crucial role in the development of desmoplasia and therapeutic resistance through signaling molecules and cell--cell interaction.[@b38-ott-8-3665],[@b39-ott-8-3665] Of the well-studied signaling molecules, Wnt16B and hepatocyte growth factor secreted by CAFs have shown to promote the epithelial to mesenchymal transition (EMT) program, a form of cell plasticity in which epithelial cells acquire mesenchymal phenotypes as defined by the combined loss of epithelial cell junction proteins such as E-cadherin and the gain of mesenchymal markers such as vimentin or fibronectin.[@b23-ott-8-3665],[@b33-ott-8-3665],[@b40-ott-8-3665],[@b41-ott-8-3665] The EMT phenotype was first recognized as an important feature of embryogenesis and morphogenesis during embryonic development. Further studies reported that the EMT program not only plays a crucial role in tumor cell progression but also induces drug resistance.[@b42-ott-8-3665],[@b43-ott-8-3665] In support of this notion, a recent study involving gene expression profiling of a large panel of NSCLC cell lines that were obtained from therapy-naïve patients showed that the EMT gene expression signature could be used as a predictive factor of resistance to the EGFR TKI erlotinib and inhibitors of PI3K-mTOR signaling.[@b42-ott-8-3665] Moreover, resistance to EGFR TKIs was observed in cell lines undergoing EMT.[@b44-ott-8-3665],[@b45-ott-8-3665] The signaling that regulates the EMT is diverse and incredibly complex, involving activation of a number of different pathways (eg, TGFβ, Wnt, notch, hedgehog \[Hh\]) that converge on several prominent transcription factor families (eg, zinc finger proteins Snail and Slug, Twist, Zeb 1/2, Smads, Gli 1/2/3) and frequently involves crosstalk between the pathways (reviewed in Thiery and Sleeman[@b40-ott-8-3665]). Indeed, the clinic development of EMT was observed in a patient with NSCLC who acquired resistance to erlotinib as a result of adaptation to therapy in the absence of known resistance mechanisms such as the EGFR T790M mutation and MET amplification.[@b37-ott-8-3665],[@b46-ott-8-3665]--[@b48-ott-8-3665] Given that cancer cells are surrounded by the stromal microenvironment, these findings strongly highlight the significance of the stromal microenvironment in drug resistance.

In NSCLC tumors, CAFs are a significant component of the tumor microenvironment with respect to its structure and function.[@b49-ott-8-3665]--[@b52-ott-8-3665] Although numerous studies have reported a very clear link between resistance to chemotherapy and targeted therapy and the EMT phenotype, there are few systematic studies of the molecular and cellular mechanisms by which CAFs influence the resistance to EGFR TKIs in the context of the pathophysiology of the tumor microenvironment in NSCLC. Our previous study using direct coculture with CAFs found that the GLI1 transcriptional targets snail family zinc finger 1 and snail family zinc finger 2 are upregulated in NSCLC H358 cells, suggesting that the Hh signaling pathway is active in the tumor microenvironment.[@b53-ott-8-3665] In the present study, we tested the hypothesis that direct contact with CAFs isolated from lung cancer patients contributes to a distinctive microenvironment that influences the sensitivity of NSCLC cells to EGFR TKIs through the Hh signaling pathway.

Materials and methods
=====================

Cell culture and reagents
-------------------------

Ethical approval was not sought as cell lines were commercially sought. Study protocol followed the principles outlined in the Declaration of Helsinki. Human pulmonary adenocarcinoma PC9 cells (EGFR exon 19 del E-746-A750) and bronchioalveolar carcinoma H358 cells (EGFR wild-type) were obtained from the Korean Cell Line Bank (Seoul, Republic of Korea). Cells were maintained in Roswell Park Memorial Institute (RPMI-1640) medium supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific Inc, Waltham, MA, USA). Erlotinib and cyclopamine were obtained from Cayman Chemical (Ann Arbor, MI, USA) and Sigma-Aldrich Co. (St Louis, MO, USA), respectively, and were dissolved in dimethyl sulfoxide (DMSO) at 30 and 10 mM, respectively.

Primary culture of fibroblasts
------------------------------

CAFs were isolated from lung cancer specimens of patients who underwent surgical resection in 2012 at the Samsung Medical Center, Seoul, Republic of Korea, as described previously (IRB No 2011-03-025-001).[@b54-ott-8-3665] Briefly, 30 minutes after surgery, fresh tissue samples (3×3×3 mm) were minced with surgical blades in 5 mL of RPMI-1640 without serum to an approximate size of 40--60 µm in diameter or 40--200 cells/clump. Tissue fragments were subjected to enzyme digestion in a solution containing collagenase I (450 U/mL; EMD Millipore, Billerica, MA, USA) and DNase I (60 U/mL; Hoffman-La Roche Ltd., Basel, Switzerland) for 20 minutes and then seeded in a T25 culture flask in 5 mL RPMI-1640 medium containing 10% fetal bovine serum. Fibroblasts were separated from epithelial cells by treatment with Dispase II (14 U/mL; Roche) and subsequent mechanical ablation with a pulled glass pipette tip. The culture medium was changed after 48 hours to remove unattached cells and debris in suspension. Attached cells were cultured for 7--10 days to yield 1×10^6^ cells. All fibroblasts were used after 3--7 passages of the primary culture.

Generation of stable NSCLC-GFP cell lines
-----------------------------------------

Stable cells expressing green fluorescence protein (GFP) were generated by transduction with lentiviral vector carrying the GFP gene (Applied Biological Materials Inc., Richmond, Canada). From 6 days after transfection, stable GFP-expressing H358 (H358-GFP) and PC9 (PC9-GFP) cells were sorted twice by fluorescence-activated cell sorting (FACS) using a FACSAriaIII (Becton Dickinson Biosciences, San Jose, CA, USA) over a period of 3 weeks until more than 95% of the cells were stably GFP-positive.

Coculture of lung cancer cells with fibroblasts
-----------------------------------------------

Direct coculture in which two cell types were grown in physical contact was performed. In brief, 30,000 CAFs were plated in 24-well plate and grown for 24 hours to \~80% confluence in growth media. The following day, NSCLC cells were seeded on top of the preincubated CAFs at a ratio of 1:4. To avoid the effects of cell confluence or passage on the interpretation of data, the coculture was maintained for no longer than 7 days. Coculture plates were cultured under normal culture conditions.

Inhibitor treatments of cells
-----------------------------

PC9 cells in monoculture and coculture were treated with inhibitors or equal volumes of the vehicle control solvent DMSO and incubated at 37°C in 5% CO~2~. Following incubation, as specified for each analysis, cells were processed for downstream analyses, including immunocytochemistry, proliferation assay, and gene expression as described below.

Immunocytochemistry
-------------------

Fibroblasts were seeded on sterile glass coverslips and immunocytochemical staining was performed. Briefly, cells on coverslips were fixed with 4% paraformaldehyde for 10 minutes and then permeabilized with 0.5% Triton-X 100 for 5 minutes. Cells were then blocked for 1 hour with blocking solution (1% bovine serum albumin in phosphate-buffered saline \[PBS\]), followed by incubation with primary antibody against smoothened (SMO) (SC-166685; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 hours at room temperature. Subsequently, the cells were incubated with Alexa 594-conjugated antimouse IgG (A-11032, Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA, USA) for 60 minutes at room temperature. To assess the subcellular organization of actin microfilaments, cells were incubated with rhodamine-conjugated phalloidin (Molecular Probes, Eugene, OR, USA) at a dilution of 1:200 (1.5 units/mL final concentration). The cells were then washed with PBS, and the coverslips were mounted on a glass slide in 10% Mowiol 4--88, 1 µg/mL 4′,6-diamidino-2-phenylindole dihydrochloride, and 25% glycerol in PBS. The cells were observed with a ZEISS FL Microscope Axiovert 200 (Zeiss, Oberkochen, Germany).

Cell sorting
------------

After 48 hours of coculture, cells expressing GFP were trypsinized and centrifuged at 300× *g* for 5 minutes. The cell pellet was suspended in 2 mL PBS and the cells were sorted by FACS using a FACSAriaIII and a 488 nm optical filter. Sort gates were set by analyzing 50,000 cells from GFP-expressing and control cells. Cells were collected, centrifuged at 500× *g* for 10 minutes, and processed for analysis of gene expression.

Quantitative real-time reverse transcription-polymerase chain reaction
----------------------------------------------------------------------

Total RNA was extracted from the sorted cocultured cells and first-strand cDNA was synthesized using oligo-dT primers and M-MLV reverse transcriptase (Invitrogen). Real-time quantitative PCR reactions were performed in triplicate in a final volume of 10 µL containing 1× SYBR^®^ Green PCR master mix (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), 10 ng of cDNA, and 20 pmol of each primer. Real-time quantitative PCR was performed using a 7900HT fast real-time polymerase chain reaction system (Applied Biosystems) with the following conditions: 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control in each reaction. To verify specific amplification, melting curve analysis was performed (55°C--95°C, 0.5°C/s). Quantification of relative expression was performed by the ΔΔCT method. Genes and their primers are shown in [Table 1](#t1-ott-8-3665){ref-type="table"}. Expression of each messenger RNA (mRNA) was normalized to that of GAPDH in the same sample.

Western blot analysis
---------------------

Cells were lysed with RIPA buffer (sc-24,948, Santa Cruz Biotechnology) for 30 minutes on ice, and lysates were cleared by centrifugation at 13,000× *g* for 15 minutes at 4°C. Supernatants were incubated with 4× Laemmli sample buffer (\#161-0747; Bio-Rad Laboratories Inc., Hercules, CA, USA) at 95°C for 5 minutes. The samples were then separated with sodium dodecyl sulphate-polyacrylamide gel electrophoresis gel and immunoblotted with the indicated antibodies: Vimentin (ab92547, Abcam, Cambridge, MA, USA), SMA (ab5694, Abcam), E-Cadherin (4065S, Cell Signaling Technology), Snail1 (SC-28199, Santa Cruz Biotechnology), CDK1 (610037, BD Pharmingen), CDK2 (610145, BD Pharmingen), and GAPDH (2118S, Cell Signaling Technology). GAPDH was used to show equal loading of protein.

Cell proliferation analysis
---------------------------

The fluorescence of cells in 24-well plates was quantified in triplicate using a GloMax plate reader (Promega Corporation, Fitchburg, WI, USA) with filter settings of excitation at 460 nm and emission at 550 nm and a bandwidth of 30 nm. Fluorescence intensity was calculated in relative fluorescence units. The nonspecific signals of wells containing cell-free medium (blank value) were subtracted from the results to give the fluorescence signals of the H358-GFP cells. Viability was determined relative to untreated controls. Each experiment was performed at least three times, each with triplicate samples. Cell viability was calculated using the following equation: $$\text{Cell~viability}(\%) = \frac{\text{FI}_{\lbrack\text{sample~at~day}\ 3\rbrack} - \text{FI}_{\lbrack\text{sample~at~day}\ 0\rbrack}}{\text{FI}_{\lbrack\text{control}\rbrack}} \times 100$$where FI~\[sample\ at\ day\ 3\]~ is the average fluorescence intensity of erlotinib-treated sample at day 3, FI~\[sample\ at\ day\ 0\]~ is the average fluorescence intensity of erlotinib-treated sample at day 0, and FI~\[control\]~ is the average fluorescence intensity of untreated control sample at day 3. The half maximal inhibitory concentration~50~ (IC~50~) was determined from the plot of viability versus concentration of the EGFR TKI erlotinib. IC~50~ values were calculated by fitting the data to a sigmoid dose--response curve using nonlinear regression in Sigma plot (Systat Software, Inc., San Jose, CA, USA). Differences in IC~50~ were compared using Student's unpaired *t*-test with *P*\<0.05 as the limit of statistical significances.

Coculture wound healing assay PC9-GFP
-------------------------------------

Cells in coculture were allowed to grow to 80% confluence in a 100 mm dish and were then wounded by making a single scratch in the monolayer with an Eppendorf P20 pipette tip. The medium was then replaced to remove floating cells and debris, and cells were subsequently allowed to grow for 3 days to close the wound in the presence of the SMO antagonist cyclopamine (10 µM) or equal volumes of the vehicle control solvent DMSO. Photographs of the same four zones along the scratch were taken at 0, 24, and 48 hours postwound using a Nikon Eclipse inverted phase-contrast microscope.

Results
=======

Coculture with CAFs induces erlotinib resistance in lung cancer cells
---------------------------------------------------------------------

To investigate whether the erlotinib sensitivity of lung cancer cells with EGFR-activating mutations was affected by crosstalk with the host microenvironment, we cocultured NSCLC H358 and PC9 cells expressing GFP (PC9-GFP and H358-GFP, respectively) with CAFs in direct contact conditions. The ratio of cell number of NSCLC cells to CAFs is 1:4. In monoculture, the same number of NSCLC cells as in coculture was used for viability assay. PC9 cells, which harbor an exon 19 deletion E746-A750 mutation and contain five copies of the EGFR gene per cells, are purportedly sensitive to erlotinib, whereas H358 cells have been known to be resistant to erlotinib.[@b55-ott-8-3665] A growth inhibition assay based on the measurement of GFP intensity in cancer cells showed that the EGFR-mutant cell line PC9 was sensitive to erlotinib with an IC~50~ \<0.01 µM, whereas the EGFR wild-type cell line H358 was resistant to erlotinib with an IC~50~ value close to 2 µM. In contrast, both PC9 and H358 cells became resistant to erlotinib in the presence of CAFs, IC~50~ =0.05 µM (*P*\<0.05) and IC~50~ \>10 µM (*P*\<0.05), respectively ([Figure 1](#f1-ott-8-3665){ref-type="fig"}). Indeed, the difference in cell number between monoculture and coculture did not affect the drug response up to 1 µM of erlotinib (data not shown). Therefore, given the fact that the physiological range of erlotinib concentration is less than 1 µM, we conclude that PC9 cells are significantly resistant to erlotinib in the presence of CAFs. Taken together, these results suggest that CAF-derived secreted signaling molecules and direct physical contact, alone or in combination, induced erlotinib resistance in lung cancer cells with EGFR-activating mutations and wild-type EGFR.

Induction of EMT in human NSCLC PC9 cells by CAFs in a SMO-dependent manner
---------------------------------------------------------------------------

To further examine the role of CAFs in EGFR TKI resistance, we investigated the behavior of PC9 cells in direct coculture. Microscopically, PC9 cells expressing GFP alone showed typical epithelial cobblestone morphology with homotypic cell adhesion, but cells with primary cultured CAFs exhibited EMT features, including the gain of a mesenchymal phenotype with elongated and nonpolarized morphology, reorganization of filamentous actin (F-actin) with a significant enhancement of stress fibers, and decrease of cell size in comparison with monoculture ([Figure 2A](#f2-ott-8-3665){ref-type="fig"}). Consistent with EMT induction, these cells also dispersed in coculture. To further examine the molecular mechanism underlying the induction of EMT in NSCLC PC9 cells in coculture with CAFs, we systematically studied the effect of CAFs on the expression of molecular markers for the EMT phenotype and related upstream and downstream signaling events in NSCLC PC9 cells at the levels of mRNAs ([Figure 2B](#f2-ott-8-3665){ref-type="fig"}) and proteins ([Figure 2C](#f2-ott-8-3665){ref-type="fig"}). Quantitative real-time reverse transcription-polymerase chain reaction analysis showed that the mesenchymal cytoskeletal markers FAP and vimentin were highly upregulated in PC9 cells cocultured with CAFs compared with the control monoculture, whereas the differentiated mesenchymal lineage marker α-SMA was activated at a relatively lower level ([Figure 2B](#f2-ott-8-3665){ref-type="fig"}). Expression of FAP and vimentin is characteristic of mesenchymal cells and these proteins are typically absent or only weakly expressed in epithelial cell lineages.[@b40-ott-8-3665] Furthermore, the expression level of the most crucial marker of EMT, CDH1 (E-cadherin), was highly downregulated in PC9 cells in coculture with primary cultured fibroblasts compared with PC9 cells cultured alone ([Figure 2C](#f2-ott-8-3665){ref-type="fig"}). Among cell cycle-related proteins, expression of cyclin-dependent kinase inhibitor 1A (CDKN1A \[p21^CIP1^\]) was specifically increased in coculture with the primary cultured fibroblasts ([Figure 2B](#f2-ott-8-3665){ref-type="fig"}). Interestingly, the seven-pass transmembrane protein SMO, which mediates Hh signaling,[@b56-ott-8-3665] was highly upregulated in coculture and in coculture treated with erlotinib ([Figure 2B](#f2-ott-8-3665){ref-type="fig"}). Hh signaling has been shown to be very active in cancer, especially in lung, where it promotes stromal hyperplasia, myoblast differentiation, and production of extracellular matrix, which may promote cancer cells to undergo EMT process to further facilitate the strong propensity of cancer cells for invasion and metastasis.[@b57-ott-8-3665]--[@b65-ott-8-3665] Key components of Hh signaling include the ligands SHh, Indian Hh, and desert Hh; the negative and positive effector receptors of signaling, patched 1 (PTCH1), and SMO, respectively; and the GLI transcription factors controlling Hh target gene expression.[@b56-ott-8-3665] Consistent with the mRNA expression levels, immunocytochemical staining using antibody to SMO showed upregulation of SMO protein ([Figure 2A](#f2-ott-8-3665){ref-type="fig"}). In light of the fact that Hh signaling influences EMT induction, our findings suggest that the effect of CAFs on the EMT is in part mediated by Hh signaling. Furthermore, our observation that the expression of EMT markers changed in response to erlotinib ([Figure 2B](#f2-ott-8-3665){ref-type="fig"}) indicates that the Hh-mediated EMT could be responsible for the observed drug resistance ([Figure 1](#f1-ott-8-3665){ref-type="fig"}). Given that Hh signaling influences EMT induction, our findings further suggest that the Hh-mediated effect of CAFs on the EMT renders PC9 cells resistant to erlotinib in combination with other cellular signaling induced by CAFs. However, our hypothesis remains to be tested. Taken together, these results suggest that primary cultured CAFs derived from patients with lung cancer are potent inducers of the EMT phenotype, which contributes to acquired resistance of human NSCLC PC9 cells to the EGFR TKI erlotinib.

SMO inhibitor inhibits the induction of EMT markers in a noncanonical manner
----------------------------------------------------------------------------

To examine whether the SMO-mediated Hh pathway induced by CAFs contributes to resistance to erlotinib we used cyclopamine, a plant-derived steroidal alkaloid that specifically inhibits the activity of SMO, to block the SHh pathway in NSCLC cells.[@b66-ott-8-3665],[@b67-ott-8-3665] Quantitative real-time reverse transcription-polymerase chain reaction analysis showed that cyclopamine downregulated the expression of genes associated with EMT ([Figure 3A](#f3-ott-8-3665){ref-type="fig"}) but did not affect expression of GLI1 target genes, such as cyclin D1, Bcl2, and GLI itself ([Figure 3A](#f3-ott-8-3665){ref-type="fig"}). Hh pathway activation occurs not only through activation of GLI transcription factors, but also by mechanisms of remodeling of actin cytoskeleton.[@b68-ott-8-3665]--[@b70-ott-8-3665] To test the latter, we treated cells with cyclopamine and analyzed changes in the actin cytoskeleton ([Figure 3B](#f3-ott-8-3665){ref-type="fig"}). Cells showed formation of stress fiber in coculture in the absence of cyclopamine. In contrast, addition of cyclopamine leads to change in actin cytoskeleton, suggesting that Hh signals in coculture stimulated the remodeling of the actin cytoskeleton. Taken together, these findings suggest that SMO-mediated Hh signaling by CAFs is transduced through actin cytoskeleton independently of GLI-mediated transcriptional activity.

Inhibition of Hh signaling suppresses cell motility
---------------------------------------------------

To further investigate the effect of the actin-mediated SMO signaling on EMT, we studied the motility of NSCLC PC9 cells in coculture conditions. PC9-GFP cells in coculture with primary cultured fibroblasts were treated with cyclopamine and scratched and the subsequent migration of cells to close the gap was evaluated for 48 hours. Cyclopamine did not make any difference in PC9-GFP cells mobility in control monoculture, suggesting that actin-mediated EMT is not active in monoculture. In contrast, PC9-GFP cells in coculture showed the decrease in mobility in the presence of cyclopamine ([Figure 4](#f4-ott-8-3665){ref-type="fig"}). Interestingly, cyclopamine obviously increases cell proliferation in monoculture, but not in coculture during 48 hours, indicating that cyclopamine has an opposite role for proliferation and mobility. Taken together, these results lead to the conclusion that CAFs affect drug resistance through induction of the EMT which is mediated by actin cytoskeleton rather than through regulation of proliferation.

Discussion
==========

A major shift in the paradigm of drug development targeting the recurrence of primary tumors following treatment with targeted kinase inhibitors is to prevent or delay their acquired resistance through regulation of normal tissue homeostasis and architecture.[@b23-ott-8-3665] In this study, we have shown that crosstalk between the tumor cells and CAFs is responsible for the induction of resistance to the EGFR TKI erlotinib in NSCLC. CAFs activate Hh signaling, which induces EMT plasticity that renders NSCLCs resistant to erlotinib. We further showed proof-of-concept evidence that EGFR TKI resistance induced by CAFs could be circumvented by targeting the SMO signaling protein. These results indicate that targeting the crosstalk between tumor cells and CAFs may be an important novel strategy for overcoming the EGFR TKI resistance of lung cancers.

A principal question regarding the sensitivity of solid tumors to targeted kinase inhibitors is why some tumors respond and others do not. An ever-increasing list of mechanisms have been reported to mediate the response to EGFR TKIs in models based on lung cancer cells, such as genotypic alterations in EGFR and oncogenic bypass, leading to alterations in the drug target, activation of pro-survival pathways, or ineffective induction of cell death (reviewed in Janne et al,[@b19-ott-8-3665] Pao and Chmielecki,[@b20-ott-8-3665] Sharma et al,[@b21-ott-8-3665] Wheeler et al,[@b22-ott-8-3665] and Holohan et al[@b23-ott-8-3665]). In addition, studies have shown that histologic changes occur during adaptation to therapy.[@b47-ott-8-3665],[@b71-ott-8-3665] More importantly, the tumor microenvironment has recently been recognized to confer resistance to EGFR TKIs such as a tumor consists of immune cells, fibroblasts, and lymphatic and vascular endothelial cells. These stromal cells contribute to the creation of desmoplasia that involves the activation of multiple signaling pathways, including SHh that is secreted from cancer cells.[@b36-ott-8-3665] In turn, activated stromal cells induce multiple signaling pathways in the cancer cells, including extracellular signal-related kinase and AKT pathways. Extracellular matrix proteins were also found to play a role in promoting cancer in several studies.[@b65-ott-8-3665] For example, the extracellular matrix protein SPARC promotes EMT in cancer cells and cell--cell interactions.[@b72-ott-8-3665] Taken together, these observations support the conclusion that desmoplastic stroma provides a novel drug target to overcome acquired resistance to EGFR TKIs.

CAFs, the principal cellular component of the tumor microenvironment, have been linked to several activities that regulate tumor progression, including angiogenesis, EMT, progressive genetic instability, deregulation of antitumor immune responses, enhanced metastasis, and enhanced growth (reviewed in Sirica[@b38-ott-8-3665] and Madar et al[@b39-ott-8-3665]). In this regard, CAFs act as a major source of chemoattractants, which facilitate tumor cell motility and metastasis through EMT. In the present study, we find that erlotinib-sensitive PC9 cells, which harbor an exon 19 deletion E746-A750 mutation and contain five copies of the EGFR gene per cells, transdifferentiate to EMT plasticity in coculture with CAFs, leading to enhanced viability in the presence of erlotinib. How does CAF induce resistance to EGFR TKIs independent of an acquired secondary EGFR mutation? Emerging evidence indicates that CAFs provide a refuge for cancer cells from therapeutic drugs through secreted CAF-derived proteins including Wnt16B and hepatocyte growth factor, thus allowing the cancer cells to evade apoptosis and develop acquired resistance that ultimately leads to disease recurrence.[@b33-ott-8-3665],[@b36-ott-8-3665] In support of this idea, Wang et al demonstrated that CAFs might protect tumors through upregulation of hepatocyte growth factor expression until the drug-resistant minor clones become dominant.[@b43-ott-8-3665] The mechanism underlying the protection provided by secreted CAF-derived proteins has been demonstrated to involve the EMT, a form of cell plasticity in which epithelial cells acquire mesenchymal phenotypes. In addition to the EMT induced by secreted CAF-derived proteins, two recent studies in lung cancer cells have identified the RTK AXL pathway as a mechanism of overcoming EGFR inhibitor resistance that is associated with development of the mesenchymal phenotype.[@b42-ott-8-3665],[@b73-ott-8-3665] Moreover, a recent study using a large-scale small interfering RNA screen to identify regulators of ALK-mediated resistance to EGFR TKI identified MED12, which is a component of the mediator transcription complex that is often mutated in cancers.[@b74-ott-8-3665] MED12 knockdown was shown to induce an EMT-like feature through the activation of TGFβR signaling, and this change was associated with drug resistance. Conversely, inhibition of TGFβR signaling was shown to restore EGFR TKI responsiveness in MED12-depleted cells. These observations suggest that EMT contributes to the development of drug resistance. However, the action mechanism of EMT leading to drug resistance remains poorly understood.

In our previous study, we reported that CAFs upregulate GLI1 expression in NSCLC H358 cells.[@b53-ott-8-3665] In the present study, we confirmed and further extended these observations in PC9 cells, suggesting that CAFs upregulate GLI1 expression regardless of cell types. However, we hypothesize that the resistance to the erlotinib could be dependent on the induction of a SMO-mediated reorganization of actin cytoskeleton in combination with GLI1 transcriptional activity. This idea is supported by our observation that H358 cells do not change the organization of actin cytoskeleton, in contrast to the PC9 cells (data not shown). SMO and patched proteins mediate the cellular response to the secreted Hh protein.[@b56-ott-8-3665],[@b75-ott-8-3665] During normal Hh signaling, Hh protein binds to PTCH1, thereby alleviating PTCH-mediated suppression of SMO, a distant relative of G-protein coupled receptors. SMO activation then triggers a series of intracellular events, culminating in the activation of GLI-dependent transcription.[@b56-ott-8-3665],[@b75-ott-8-3665] GLI activates expression of a variety of target genes, such as BMP4, FOXA2, ISL1, and FPXMI. With respect to EMT, Joost et al reported that the inhibition of GLI promotes EMT through directly regulating the transcription of E-cadherin (CDH1), a main determinant of epithelial tissue organization and cell polarity, in pancreatic cancer cells.[@b59-ott-8-3665] In contrast to this finding, we observed that although GLI is activated through SMO activation, it does not activate any GLI target genes associated with EMT. Instead, SMO activation regulates remodeling of actin cytoskeleton. In support of our result, several studies reported that actin-mediated EMT is important in drug resistance.[@b76-ott-8-3665],[@b77-ott-8-3665] However, the mechanism underlying this resistance remains incompletely understood. Here, we hypothesize that cells undergoing actin-mediated EMT proliferate slowly and consequently are less susceptible to cell death induced by EGFR inhibitor.

In summary, we show that CAF-induced EMT could be responsible for resistance of lung cancers to EGFR TKIs. Our results suggest that targeting this crosstalk may be an important new strategy for overcoming resistance to EGFR TKIs in NSCLC. Thus, a more thorough understanding of which aspects of the EMT program contribute to resistance to EGFR TKIs is worthy of investigation and could lead to new therapeutic interventions in drug resistance.
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![Dose--response viability curves of human NSCLC cell lines PC9 (**A**) and H358 (**B**).\
**Notes:** In direct coculture, 30,000 CAFs and 7,500 cells expressing GFP were plated in a 24-well plate and treated with different concentrations of the EGFR TKI erlotinib for 72 hours. In monoculture, 7,500 NSCLC cells expressing GFP were used for viability assay. The IC~50~ values of these cell lines to erlotinib, together with the SD, are shown. Viability was determined by measuring the fluorescence intensity. Data are expressed as percentage of vehicle-treated control cells (taken as 100% cell viability). Each experiment was repeated at least two times in triplicate with similar results, and survival data from a representative experiment are shown fitted to a nonlinear sigmoidal model using Sigma plot. Values represent the mean ± SD of triplicate samples in one representative experiment. Significance in IC~50~ was determined by Student's unpaired *t*-test. \**P*\<0.05 versus monoculture.\
**Abbreviations:** NSCLC, non-small cell lung cancer; CAF, cancer-associated fibroblast; GFP, green fluorescence protein; EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; SD, standard deviation.](ott-8-3665Fig1){#f1-ott-8-3665}

###### 

CAFs enhance the mesenchymal phenotype in PC9 cells.

**Notes:** (**A**) Representative images of NSCLC PC9 cells stably expressing GFP. Cells were stained with antibody targeting SMO (red), and nuclei were counterstained blue with DAPI. Scale bars: 20 µm. (**B**) Quantitative real-time RT-PCR analysis of human NSCLC PC9 cells grown in direct coculture with CAFs for 3 days at an erlotinib concentration of 1 µM. Data shown are representative of two independent experiments, and values represent the mean ± SD of triplicate samples. The expression of each mRNA was normalized to that of GAPDH mRNA in the same sample and is presented as the fold-change over that of vehicle-treated monoculture control cells. Difference in expression levels was evaluated for significance using one-sided Student's *t*-tests with unequal variance (*P*\<0.05). (**C**) Western blotting analysis showing the expression of genes regulating EMT and cell cycle. Cells were processed as (**B**) and probed with each antibody. GAPDH was used to show equal loading of protein.

**Abbreviations:** Mono-C, monoculture; Co-C, coculture; TGFβ, transforming growth factor-beta; EMT, epithelial to mesenchymal transition; CAF, cancer-associated fibroblast; NSCLC, non-small cell lung cancer; SD, standard deviation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mRNA, messenger RNA; GFP, green fluorescence protein; SMO, smoothened; DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride; RT-PCR, reverse transcription-polymerase chain reaction.
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![](ott-8-3665Fig2a)

###### 

Inhibition of hedgehog signaling affects the EMT phenotype through remodeling of the actin cytoskeleton.

**Notes:** (**A**) Quantitative real-time RT-PCR of human NSCLC PC9 cells grown in direct contact with CAFs for 3 days at a cyclopamine concentration of 10 µM. Data shown are representative of two independent experiments, and values represent the mean ± SD of triplicate samples. The expression of each mRNA was normalized to that of GAPDH mRNA in the same sample and is presented as the fold-change over that of vehicle-treated monoculture control cells. Difference in expression levels were evaluated for significance using one-sided Student's *t*-tests with unequal variance (*P*\<0.05). (**B**) Inhibition of hedgehog signaling regulates actin cytoskeleton remodeling. Photographs are representative images of immunofluorescence staining of PC9-GFP cells. Cells in coculture or monoculture were treated with SMO inhibitor cyclopamine (lower panels) and control solvent DMSO (higher panels). Actin filaments were stained with rhodamine-conjugated phalloidin (red), while nuclei were counterstained blue with DAPI. Cells were imaged by confocal fluorescence microscopy. The image on the right is a merge of nuclei staining and phalloidin stage. Scale bars: 20 µm.

**Abbreviations:** Mono-C, monoculture; Co-C, coculture; TGFβ, transforming growth factor-beta; EMT, epithelial to mesenchymal transition; NSCLC, non-small cell lung cancer; CAF, cancer-associated fibroblast; SD, standard deviation; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mRNA, messenger RNA; GFP, green fluorescence protein; SMO, smoothened; DAPI, 4′,6-diamidino-2-phenylindole dihydrochloride; DMSO, dimethyl sulfoxide.
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![Inhibition of hedgehog signaling affects the EMT phenotype.\
**Notes:** Migration of NSCLC PC9-GFP cells during 48 hours after scratching a confluent monolayer in the monoculture (**A**) and coculture (**B**) in the presence of cyclopamine (10 µM) or vehicle. Photographs are representative of n=3 experiments. Original magnification ×1,000.\
**Abbreviations:** EMT, epithelial to mesenchymal transition; NSCLC, non-small cell lung cancer; GFP, green fluorescence protein.](ott-8-3665Fig4){#f4-ott-8-3665}

###### 

Primers used in this study

  Gene        Name                                                  Forward sequence (5′ to 3′)   Reverse sequence (5′ to 3′)
  ----------- ----------------------------------------------------- ----------------------------- -----------------------------
  *SNAI1*     Snail family zinc finger 1                            CCTCCCTGTCAGATGAGGAC          CCAGGCTGAGGTATTCCTTG
  *SNAI2*     Snail family zinc finger 2                            GGGGAGAAGCCTTTTTCTTG          TCCTCATGTTTGTGCAGGAG
  *ZEB1*      Zinc finger E-box binding homeobox 1                  TTCAAACCCATAGTGGTTGCT         TGGGAGATACCAAACCAACTG
  *ZEB2*      Zinc finger E-box binding homeobox 2                  GCGATGGTCATGCAGTCAG           CAGGTGGCAGGTCATTTTCTT
  *SMAD2*     SMAD family number 2                                  CGTCCATCTTGCCATTCACG          CTCAAGCTCATCTAATCGTCCT
  *SMAD3*     SMAD family number 3                                  CCATCTCCTACTACGAGCTGAA        CACTGCTGCATTCCTGTTGAC
  *TWIST1*    Twist basic helix-loop-helix transcription factor 1   GGAGTCCGCAGTCTTACGAG          TCTGGAGGACCTGGTAGAGG
  *CDH1*      E-cadherin                                            TGCCCAGAAAATGAAAAAGG          GTGTATGTGGCAATGCGTTC
  *CDH2*      N-cadherin                                            ACAGTGGCCACCTACAAAGG          CCGAGATGGGGTTGATAATG
  *CK19*      Keratin 19                                            CCCGCGACTACAGCCACTA           GCTCATGCGCAGAGCCT
  *VIM*       Vimentin                                              GAGAACTTTGCCGTTGAAGC          GCTTCCTGTAGGTGGCAATC
  *FAP*       Fibroblast activation protein                         TCAACTGTGATGGCAAGAGCA         TAGGAAGTGGGTCATGTGGGT
  *FSP*       Fibroblast-specific protein                           GATGAGCAACTTGGACAGCAA         CTGGGCTGCTTATCTGGGAAG
  α*-SMA*     α-Smooth muscle actin                                 AGGGGGTGATGGTGGGAATG          GCCCATCAGGCAACTCGTAAC
  *MKI67*     Antigen identified by monoclonal antibody KI-67       AGTTTGCGTGGCCTGTACTAA         AGAAGAAGTGGTGCTTCGGAA
  *GADD45A*   Growth arrest and DNA-damaging-inducible, alpha       GAGAGCAGAAGACCGAAAGGA         CAGTGATCGTGCGCTGACT
  *CDKN1A*    Cyclin-dependent kinase inhibitor 1A (p21, Cip1)      TGTCCGTCAGAACCCATGC           AAAGTCGAAGTTCCATCGCTC
  *CDKN1B*    Cyclin-dependent kinase inhibitor 1B (p27, Kip1)      AACGTGCGAGTGTCTAACGG          CCCTCTAGGGGTTTGTGATTCT
  *BCL2L11*   BCL2-like 11                                          TAAGTTCTGAGTGTGACCGAGA        GCTCTGTCTGTAGGGAGGTAGG
  *SMO*       Smoothened, frizzled family receptor                  ATCTCCACAGGAGAGACTGGTTCGG     AAAGTGGGGCCTTGGGAACATG
  *PTCH1*     Patched 1                                             TTCTCACAACCCTCGGAACCCA        CTGCAGCTCAATGACTTCCACCTTC
  *GLI1*      GLI family zinc finger 1                              TGCCTTGTACCCTCCTCCCGAA        GCGATCTGTGATGGATGAGATTCCC
  *HIP*       Hedgehog interacting protein                          TCTGTCGAAACGGCTACTGC          CCTGGTCACTCTGCGGATGT
  *GAPDH*     Glyceraldehyde-3-phosphate dehydrogenase              TGGACTCCACGACGTACTCAG         ACATGTTCCAATATGATTCCA
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